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Summary
Background: The ratio of systolic lengthening to combined late and postsystolic shortening
(L/TS ratio) on longitudinal Doppler strain imaging (Doppler SI) may be an index of myocardial
viability. We hypothesized that measuring the postsystolic index (PSI) and the L/TS ratio during
dobutamine stress echocardiography (DSE) could quantitatively identify viable myocardiumwith
the potential for regional functional recovery.
Methods: Thirty-eight patients with old myocardial infarction (OMI) underwent DSE with Doppler
SI and coronary angiography (Group 1). To clarify the value of measuring the PSI and L/TS ratio
by DSE with Doppler SI in patients with OMI, these Doppler parameters and visual analysis of wall
motion abnormality (WMA) were compared on a segmental basis. To investigate the prediction
of regional functional recovery, 10 patients with OMI (Group 2) and stenosis of the infarct-
related coronary artery underwent DSE with Doppler SI before and after percutaneous coronary
intervention.
Results: In Group 1, 143 out of 556 segments showed a biphasic WMA pattern during DSE.
There were no segments with evidence of necrosis. The PSI at peak stress was 0.25 in 114
out of 143 segments and the L/TS ratio at peak stress was >0 in 82 out of 114 segments.
Regarding functional recovery, 42 of the 73 segments with WMA at rest showed improvement
after reperfusion. The wall motion score (WMS) showed 86% sensitivity and 71% speciﬁcity for
predicting regional recovery, while PSI and L/TS ratio showed 61% vs. 84% sensitivity and 60%
vs. 79% speciﬁcity, respectively. The AUC for the ROC curve of the L/TS ratio as a predictor of
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regional recovery was signiﬁcantly larger compared with that of WMS (0.894 vs. 0.783, p < 0.05).
Conclusions: The peak stress L/TS ratio could be a speciﬁc and quantitative marker for identifying
the
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In Group 2, reperfusion therapy was considered to have
promoted regional myocardial functional recovery if rest-myocardial viability that has
© 2010 Japanese College of C
ntroduction
urrently, dobutamine stress echocardiography (DSE) is per-
ormed by visually interpreting the movements of the
yocardium. Thus, DSE is a highly subjective examination.
oppler strain imaging (Doppler SI) has been suggested as
tool for quantiﬁcation of regional myocardial function,
ssessing the timing of segmental deformation, prediction
f functional recovery and improving the quantiﬁcation of
SE [1—6]. However, visual analysis of wall motion and strain
arameter analysis using low-dose dobutamine have a simi-
ar sensitivity and speciﬁcity for the prediction of segmental
unctional recovery [7].
A previous animal study revealed that the ratio of systolic
engthening to combined late and postsystolic shorten-
ng (L/TS ratio) could help to identify viable myocardium
8]. Myocardium that is able to generate force becomes
horter during systole when left ventricular (LV) pressure
s rising, whereas myocardium with no activity lengthens
assively and then recoils during late systole/early dias-
ole when LV pressure is falling [9]. We hypothesized that
yocardium with dobutamine-induced ischemia may also
engthen passively during early systole and recoil during late
ystole/early diastole, and that changes of the contractility
attern might be an optimal parameter for the prediction
f regional myocardial functional recovery. The aims of the
resent study were: (1) to clarify the incidence of early
ystolic lengthening and postsystolic shortening during DSE
n patients with old myocardial infarction (OMI) and (2) to
nvestigate the usefulness of the postsystolic index (PSI) and
he L/TS ratio for predicting regional myocardial functional
ecovery after successful percutaneous coronary interven-
ion (PCI) in patients with OMI.
ubjects and methods
tudy population
ata from 48 patients with OMI aged 70± 8 years (onset
f previous myocardial infarction >6 months previously)
ere obtained at Nippon Medical School Hospital between
eptember 2004 and August 2005 (Table 1). All 48 patients
ad received PCI at the onset of myocardial infarction and
ad a decrease in contractile myocardium, but no necro-
is in the territory supplied by the stenosed infarct-related
oronary artery.
Of these 48 patients, 38 patients (Group 1) aged 71± 8
ears (28 men and 10 women) underwent DSE with simulta-
eous Doppler SI, as well as coronary angiography (CAG) to
larify the incidence of early systolic lengthening and post-
ystolic shortening during DSE. The other 10 patients (Group
) aged 67± 8 years (6 men and 4 women) were studied to
ssess how improvement in myocardial function could be
valuated by performing DSE with simultaneous Doppler SI
oth before and after successful PCI (at a mean interval
i
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rpotential for regional functional recovery.
ology. Published by Elsevier Ireland Ltd. All rights reserved.
f 6 months). All patients gave informed consent. Exclu-
ion criteria included acute myocardial infarction, unstable
ngina, tachyarrhythmia, second-or third-degree atrioven-
ricular block, and use of -blockers.
oronary angiography
AG was performed according to the standard procedure by
he femoral approach within two weeks of the other studies.
oronary stenosis was assessed visually and expressed as the
ercent reduction of the luminal diameter.
obutamine stress echocardiography
standard dobutamine-atropine stress protocol was per-
ormed starting at a dose of 5g kg−1 min−1 and increasing to
0, 20, 30, and 40g kg−1 min−1 at 3-min intervals. Atropine
0.5mg) was infused in patients who did not achieve 85% of
heir age-predicted maximal heart rate [10—13]. A 12-lead
lectrocardiogram (ECG) and blood pressure measurements
ere recorded at baseline and at the end of each stage of
he protocol. Images were obtained by using a commercially
vailable echocardiography system (Vivid 7, GE Healthcare
K Ltd., Chalfont St Giles, UK) and were stored digitally
nd on tape. Segmental wall motion was assessed accord-
ng to the 16-segment model of the American Society of
chocardiography [14]. Apical 4-, 3-, and 2-chamber views
ere employed to evaluate longitudinal deformation. Each
all was divided into 3 segments. The basal, middle, and
pical inferior segments and the middle and basal septal
egments were considered to be the territory of right coro-
ary artery. The basal, middle, and apical lateral segments
nd the basal and middle posterior segments were consid-
red to be the territory of the left circumﬂex artery. The
asal, middle, and apical anterior segments and the basal,
iddle, and apical anteroseptal segments were considered
o represent the territory of the left anterior descending
rtery. Two independent experienced readers scored each
V segment at baseline and during dobutamine stress as
ollows: −1 = hyperkinesis, 0 = normokinesis, 1 =mild hypoki-
esis, 2 =moderate to severe hypokinesis, 3 = akinesis,
= dyskinesis. Ischemia was deﬁned as regional reduction or
mpairment of radial myocardial contraction in 2 segments.
viable response was deﬁned as either a uniphasic (sus-
ained improvement at peak stress) or biphasic pattern of
all motion abnormality (WMA).ng wall motion demonstrated improvement by at least
ne grade in 2 segments. Images were analyzed by two
ndependent experienced readers who were blinded to the
linical data, angiography ﬁndings, and other echocardiog-
aphy data.
Doppler strain measurement for hibernating myocardium by DSE in patients with OMI 311
Table 1 Baseline characteristics of the 48 patients with old myocardial infarction.
Group 1 Group 2
Number of patients 38 10
Age (year) 71± 8 67± 8
Female (%) 10 (26%) 4 (40%)
Hypertension 35/38 (92%) 10/10 (100%)
Diabetes mellitus 16/38 (42%) 3/10 (30%)
Dyslipidemia 22/38 (58%) 8/10 (80%)
Smoking 18/38 (48%) 6/10 (60%)
Coronary angiography
LAD 14 8
LCx 10 6
RCA 14 10
Grade of stenosis
75% 4, 2, 2 4, 2, 4
>90% 10, 8, 12 4, 4, 6
LVEF (%) by echocardiography 61± 13 52± 10
Dobutamine stress echocardiography
At rest:
HR (beatsmin−1) 66± 11 62± 6
Systolic BP (mmHg) 146± 28 124± 18
At peak dose of DOB stress
Max dose (g kg−1 min−1) 35± 735 30± 10
Additional injection of atropine 13/38 (34%) 2/10 (20%)
RPP (mmHgbeatsmin−1) 16,824± 3668 12,366± 2582
Continuous values are mean± SD. BP, blood pressure; DOB, dobutamine; HR, heart rate; RPP, rate pressure product; LAD, left anterior
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Adescending coronary artery; LCx, left circumﬂex artery; LVEF, lef
coronary artery.
Doppler strain imaging
Doppler SI was performed with high spatial resolution har-
monic imaging in the apical long-axis, and 2-and 4-chamber
views at baseline and at the end of each stage of DSE. This
technique uses color tissue Doppler velocity measurements
for each pixel of a sample line to determine spatial velocity
gradients along the ultrasound beam, as described previ-
ously [15]. Imaging was performed while taking care to align
the ventricular wall with the ultrasound beam, and 3 car-
diac cycles were stored digitally. The depth of imaging and
the sector angle in each view were adjusted to obtain the
highest possible frame rates of >100 frames per second.
Doppler strain measurement
Longitudinal strain measurements weremade for each of the
segments used for wall motion analysis, employing EchoPAC-
PC software (GE Healthcare UK Ltd.). The region of interest
was located manually on a frame-by-frame basis in a mid-
myocardial position to ensure that strain-rate traces were
obtained from the same myocardial segment throughout the
entire cardiac cycle. The timing of aortic valve opening
(AVO) and aortic valve closure (AVC) was measured from
the gray-scale and Doppler tissue data [13]. After strain
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ttricular ejection fraction; RCA, right coronary artery; RCA, right
urves were generated, the total strain during the cardiac
ycle (TS) was measured from the maximum and minimum
oints of the curve. The postsystolic strain (Sps) was cal-
ulated as the difference between the strain at AVC and
he postsystolic peak of the strain curve. The PSI was calcu-
ated as Sps/TS, and was deﬁned as abnormal if the value
xceeded 0.25 [16]. The early systolic index (L/TS ratio) at
eak dobutamine stress was assessed as the ratio of sys-
olic lengthening (L) to the sum of late and postsystolic
hortening (TS) (Fig. 1). The peak stress L/TS ratio (>0) was
eﬁned as positive. With the region of interest being main-
ained in a ﬁxed mid-myocardial position for each segment,
oppler strain measurements were made by two indepen-
ent experienced readers who were blinded to the clinical
ata, angiographic ﬁndings, and other echocardiographic
arameters.
tatistical analysis
ll analyses were performed on a segmental basis. Results
re expressed as the mean± SD. The Doppler strain param-
ters were compared by 1-way ANOVA to determine
hether there were signiﬁcant differences among 3 WMS
roups, followed by Tukey’s posthoc multiple comparison
est. Probability values of less than 0.05 were consid-
312
Figure 1 The L/TS ratio on longitudinal strain-rate imaging
is calculated as systolic lengthening (L) divided by the sum of
late and postsystolic shortening (TS). Measurement of Sps, L,
and TS are illustrated. AVO, aortic valve opening; AVC, aortic
valve closure; L, lengthening; Sps, postsystolic strain; TS, total
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The comparisons of visual wall motion analysis between
two specialists are shown as Lin’s concordance correlation
and Bland—Altman Plot. Lin’s concordance correlation coef-hortening.
red to indicate statistical signiﬁcance. The sensitivity and
peciﬁcity of visual wall motion analysis, PSI, and L/TS
atio for predicting regional myocardial functional recov-
ry were calculated. Receiver operating characteristics
ROC) analysis was performed to assess the ability of wall
otion analysis and peak stress SRI parameters to predict
egional functional recovery (Somer’s D statistic). For assess-
ent of intra-observer and inter-observer variability, the
land—Altman Plot and Lin’s concordance correlation were
sed.
ﬁ
r
Table 2 Changes in L/TS ratio during DOB stress in visually norm
*p < 0.05, **p < 0.01, ***p < 0.001. DOB, dobutamine; DSE, dobutamine s
total shortening; WMS, wall motion score.H. Fujimoto et al.
esults
tudy group
able 1 summarizes the clinical characteristics, the cardiac
isk factors, and the results of CAG and DSE. All studies were
arried out successfully on the 48 patients. All patients with
schemia induced by DSE had 75% stenosis of the relevant
oronary artery. Among a total of 608 segments in Group
, 556 segments could be analyzed and 52 segments were
xcluded because of inappropriate Doppler strain images.
isual wall motion assessment was possible for 98% of seg-
ents and quantitative assessment of strain curves could be
one for 92%. Inter-observer and intra-observer variability
f wall motion analysis and strain measurements were in
xcellent agreement as follows.
ntra-observer variability
he comparisons of visual wall motion analysis for intra-
bserver are shown as Lin’s concordance correlation and
land—Altman Plot. Lin’s concordance correlation coefﬁ-
ient is 0.9748 (95% conﬁdence interval 0.9703—0.9786),
epresenting excellent agreement. Bland—Altman Plot
hows that mean difference is −0.0081 and 95% limits of
greement are −0.0312 to 0.0150. The comparisons of strain
easurement analysis for intra-observer are also shown as
in’s concordance correlation and Bland—Altman Plot. Lin’s
oncordance correlation coefﬁcient is 0.9929 (95% conﬁ-
ence interval 0.9916—0.9939). Bland—Altman Plot shows
hat mean difference is −0.0012 and 95% limits of agreement
re −0.0008 to 0.0031, representing excellent agreement.
nter-observer variabilitycient is 0.948 (95% conﬁdence interval 0.9334—0.9558),
epresenting excellent agreement. Bland—Altman Plot
al and abnormal segments.
tress echocardiography; L, systolic lengthening; TS, postsystolic
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Table 3 L/TS ratio at peak stress in visually abnormal segments at peak stress.
ing; W
P
T
DSE was categorized as normal (WMS = 0) in 479 segments,
mild hypokinesis (WMS = 1) in 21 segments, and moder-***p < 0.001. L, systolic lengthening; TS, postsystolic total shorten
shows that mean difference is −0.0189 and 95% limits of
agreement are −0.0518 to 0.0139. The comparisons of strain
measurement analysis for inter-observer are also shown
as Lin’s concordance correlation coefﬁcient is 0.9895 (95%
conﬁdence interval 0.9876 to 0.9911). Bland—Altman Plot
shows that mean difference is 0.0008 and 95% limits of
agreement are −0.0016 to 0.0031, representing excellent
agreement.
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Figure 2 PSI 0.25 and L/TS ratio >0 in segments with a biphasic o
wall motion during DSE. DSE, dobutamine stress echocardiography; L
total shortening; WMA, wall motion abnormality.
Figure 3 Examples of strain curves obtained at rest (A), with DOB
the inferior segments. Note that the systolic strain amplitude (arrow
DOB, but the strain curve shows a bulge at 40g kg−1 min−1. Altho
predicted functional recovery for this segment, it did not recover DOMS, wall motion score.
attern of WMA and L/TS ratio during DSE
he wall motion score (WMS) at rest in Group 1 undergoingte to severe hypokinesis (WMS = 2) in 56 segments. There
ere neither worsening segments nor segments that showed
yocardial scarring.
r uniphasic (sustained improvement at peak stress) response of
, systolic lengthening; PSI, postsystolic index; TS, postsystolic
at 10g kg−1 min−1 (B), and with DOB at 40g kg−1 min−1 (C) in
) of the inferior basal segment increases from rest to low-dose
ugh visual wall motion analysis based on low-dose DOB stress
B, dobutamine.
3 H. Fujimoto et al.
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Figure 4 Changes in PSI (A) and the L/TS ratio at peak
stress (B) before and after successful reperfusion in patients
with postinfarction angina. L, systolic lengthening; PCI, per-
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Of the 556 segments assessed, 143 segments showed a
iphasic WMA pattern during DSE. The PSI at peak stress was
0.25 in 114 out of 143 segments (80%). The L/TS ratio at
eak stress was >0 in 82 (72%) out of 114 segments with
PSI 0.25, and the L/TS ratio returned to baseline in
ll segments after dobutamine stress. There were only 5
egments (1.2%) with an L/TS ratio > 0 (mean: 0.15± 0.03)
mong the 413 segments without WMA or a PSI 0.25 during
SE (Fig. 2). Of the 82 segments with an L/TS ratio >0 and
SI 0.25, the mean L/TS ratio at rest was 0.12± 0.24 and
he peak stress L/TS ratio had increased signiﬁcantly (mean:
.46± 0.28, p < 0.001).
hanges in the L/TS ratio during DSE
hanges in L/TS ratio during DSE are shown in Table 2.
yocardial segments with hypokinesis at rest (WMS = 1 or
) had a biphasic pattern of L/TS ratio changes during DSE
Table 2b). Table 2 shows that the L/TS ratio increased sig-
iﬁcantly at peak stress (WMS at rest 0 vs. 2, p < 0.001). In
able 3, it can be seen that the L/TS ratio of myocardial
egments with akinesis at peak stress was much higher than
hat of segments with hypokinesis at peak stress (p < 0.001).
unction recovery study
he 10 patients in Group 2 underwent successful PCI and
SE with Doppler SI measurements before and after PCI. A
otal of 160 segments were evaluated by DSE, of which 73
egments had abnormal resting wall motion. Among these 73
egments, a biphasic response was detected in 45 segments
62%) and 28 segments (38%) showed no augmentation dur-
ng DSE. Of the 42 segments showing functional recovery
n follow-up echocardiography, 36 were predicted by visual
all motion analysis (sensitivity: 86%). There was no func-
ional recovery of 31 segments and visual analysis predicted
uch failure for 22 segments (speciﬁcity: 71%; Fig. 3A—C).
he area under the ROC curve (AUC) was obtained for visual
all motion analysis (AUC = 0.783). Fig. 4A and B displays
he changes in the PSI and the L/TS ratio at peak stress
efore and after PCI. There was a signiﬁcant difference of
he peak L/TS ratio (p < 0.001). By determining the opti-
al cut-off value for the L/TS ratio (0.16) from the ROC
urve, the ratio could be used to predict segmental func-
ional recovery with a sensitivity and speciﬁcity of 84% and
9%, respectively, while the PPV and NPV were 83% and 77%,
espectively (AUC = 0.894). In contrast, the AUC for the PSI
as very small (Table 4).
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Table 4 Results of 3 indices for predicting regional functional re
Sensitivity (%) Speciﬁcity (%)
Visual wall motion analysis 86 71
PSI 61 60
L/TS ratio 84 79
AUC= area under the curve. L, systolic lengthening; PSI, postsystolic in
a Visual wall motion analysis vs. PSI and L/TS ratio.utaneous coronary intervention; PSI, postsystolic index; TS,
ostsystolic total shortening.
iscussion
his study demonstrated that the L/TS ratio determined
y longitudinal Doppler SI at peak dobutamine stress was
ncreased in myocardial segments showing dobutamine-
nduced WMA and a PSI 0.25 in patients with OMI. The
peciﬁcity of the peak stress L/TS ratio for predicting
egional functional improvement was greater than that of
isual wall motion analysis. Thus, quantitative analysis of
he L/TS ratio and PSI during DSE may be useful for pre-
covery in patients with old myocardial infarction.
Cut-off value AUC 95% CI Somer’s D
0.783 0.670—0.897
0.29 0.652 0.520—0.784 0.081
0.16 0.894a 0.820—0.969 −0.232
dex; TS, postsystolic total shortening.
DSE
i
i
O
t
p
s
f
a
f
a
1
o
C
B
t
v
u
p
o
b
t
r
d
t
t
L
T
s
H
o
s
a
i
g
w
a
m
d
b
d
c
s
C
T
p
a
s
f
aDoppler strain measurement for hibernating myocardium by
dicting regional functional improvement in patients with
OMI.
Strain indices during dobutamine stress
Few clinical studies have assessed the relationship between
changes in strain indices in early systole, late systole, and
early diastole during DSE. In this study, the peak stress L/TS
ratio was generally positive in the segments with a PSI 0.25
(72%) and a biphasic pattern of WMA (58%). In 160 segments
with dobutamine-induced WMA, the peak stress L/TS ratio
for segments with a WMS of 3 was signiﬁcantly higher than
that for segments with a WMS of 1 or 2 (Table 3). DSE is used
to assess myocardial contractile reserve and low-dose dobu-
tamine can lead to increased contractility in dysfunctional
segments that are viable. At higher doses, wall motion in
these segments may further improve or diminish, reﬂecting
dobutamine-induced ischemia. This biphasic response phe-
nomenon is highly predictive of functional recovery after
revascularization [17]. Thus, higher doses of dobutamine
were used in this study as L/TS ratio at low-dose stress could
not predict functional recovery well (not shown here).
Identiﬁcation of myocardium with functional
recovery
In Group 1, there were no segments with scarring and the
peak stress L/TS ratio increased signiﬁcantly in proportion
to the WMS at peak stress. In a previous animal study, sys-
tolic lengthening of necrotic myocardium was found to be
markedly reduced due to decreased compliance [8,18—20].
In contrast, the peak stress L/TS ratio can be used to
identify areas of damaged myocardium and/or hibernat-
ing myocardium that are still viable and have the potential
for functional recovery. Among 413 segments without WMA
induced by dobutamine stress, the L/TS ratio was only
positive in 5 segments (1.2%). Since comparison between
imaging modalities was performed on a segmental basis,
there is a possibility that those 5 segments were located
at the border between normal and WMA areas.
Damaged myocardium and/or hibernating
myocardium: passive or active
The myocardial segments with typical systolic lengthen-
ing and signiﬁcant PSI at peak dobutamine stress may
be entirely passive at peak stress and thus would not
contribute to LV contraction. Such segments are thought
to contain extensively damaged myocardium. When early
systolic lengthening of the myocardium is much less promi-
nent than late systolic and postsystolic shortening, the
myocardiummay still be active and contribute to LV contrac-
tion. Such segments are thought to represent hibernating
myocardium [21—25]. If the L/TS ratio was 1 at baseline
and the ratio showed a biphasic pattern during DSE, a pos-
sible explanation for this phenomenon may be that the
myocardium was severely damaged, but still viable, and
was passive at peak dobutamine stress. A previous animal
study has shown that left anterior descending artery occlu-
sion for 15min causes marked systolic lengthening, which
A
W
nin patients with OMI 315
s followed by progressive reduction in systolic lengthen-
ng and recovery of shortening after reperfusion for 15min.
ccurrence of necrosis is accompanied by a reduction in sys-
olic lengthening and postsystolic shortening. Myocardial LV
ressure-segment length loops show similar ﬁndings to the
train data obtained by Doppler measurements [8]. There-
ore, the pattern of change of the L/TS ratio during DSE is
lso important. The peak stress L/TS ratio can be used to dif-
erentiate between segments that are active (L/TS ratio = 0)
nd those that are partially or entirely passive (0 < L/TS ratio
) during systole. Thus, the L/TS ratio represents a marker
f either active or passive wall tension.
linical implications
ased on the results of visual wall motion analysis, all of
he segments assessed in this study were considered to be
iable. Our ﬁndings indicate that the L/TS ratio may be a
seful index for determining viable myocardium that has the
otential for regional functional recovery, and the severity
f myocardial damage. Until now, myocardial viability has
een assessed qualitatively by low-dose dobutamine stress
esting. The present study suggests that the peak stress L/TS
atio is also important and should be determined under peak
obutamine stress. However, further studies will be needed
o determine the value of the L/TS ratio that is most likely
o predict functional recovery after reperfusion therapy.
imitations
he limitations of the present study are as follows. First,
train analyses are affected by noise and angle artifacts.
owever, the inter-observer and intra-observer variability
f strain measurements were clinically acceptable in this
tudy because we chose appropriate patients for Doppler
nalysis. Second, only apical scanning offers comparable
nformation on all segments, which restricts analysis to lon-
itudinal deformation. Third, deﬁning a PSI 0.25 as positive
as done on the basis of previous studies. Fourth, a previous
nimal study showed that combined analysis of SRI measure-
ents, systolic compliance (systolic myocardial lengthening
ivided by the systolic pressure rise), and the inﬂuence of
oth preload and afterload is important to evaluate myocar-
ial viability [8,26]. In the present study, however, systolic
ompliance and the preload and afterload were not mea-
ured.
onclusions
he present study showed that the PSI and the L/TS ratio at
eak stress can identify hibernating myocardium and may be
ble to differentiate it from damagedmyocardium. The peak
tress L/TS ratio may be useful for predicting myocardial
unctional recovery after reperfusion, but further studies
re needed to conﬁrm this.cknowledgment
e are grateful to Tsuyako Matsuzaki for her invaluable tech-
ical assistance.
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